A b s t r a c t Apis cerana Fabricius, 1793 is the eastern honeybee species distributed throughout Asia from the tropical climate in the southern part to the temperate climate in the northern part. We sequenced and annotated the complete mitochondrial DNA (mtDNA) of A. cerana from Vladivostok, Primorsky Krai of the Russian Far East and uploaded it to the database GenBank (AP018450). MtDNA sequence has 15,919 bp length, AT-content 84% and GC-content 16% and contains 22 tRNA genes, 13 protein-coding genes, two ribosomal RNA genes, one AT-rich region and four non-coding intergenic regions (NC1-4). All proteincoding genes start with ATT and ATG codons, except for ATC, the start codon of the ATP8 gene, which and stop with the common stop codons TAA and TAG. A comparative analysis of complete mtDNA of A.
INTRODUCTION
The Apis cerana Fabricius, 1793 and Apis mellifera Linnaeus, 1758, the most important honeybee species in the world, have separately inhabited for eight million years Asia and Europe with Africa, respectively (Ruttner, 1988 ). Apis cerana occurs across southern and southeastern Asia up to Russia in northern Asia and extends from Japan in the east and Afghanistan in the west. It occupies a large range of climatic conditions, from cool regions in higher latitudes and altitudes, dry semi-desert environments and tropical climates. A. cerana has a high Ilyasov et AL. Ilyasov et AL. 290 Russian Far East Apis cerana ussuriensis genetic and phenotypic variations occurring across a range of spatial scales and adaptations to various climatic conditions, which led to the division into several biology ecotypes in the geographic cline of the north to south (Ruttner, 1988 , Radloff et al., 2010 . The most northern Russian Far East population of A. cerana is feral and occurs in the Russian territories of Primorsky Krai and Khabarovsky Krai to the 47° 54' N . The complete mtDNA can be a more effective and useful tool to study population genetics and phylogeographics of A. cerana (Ilyasov et al., 2018b) . In this article, we have analyzed the complete sequence of the mtDNA of A. cerana from the Russian Far East in comparison with other A. cerana populations to denominate the unique strain and uncover its phylogenetic relationships with other subspecies. In addition, the nuclear DNA (nDNA) gene Vitellogenin (VG) and morphometry studies were used as supporting data. The phylogenetic uniqueness of A. cerana from the Russian Far East was proved based on three types of tests of the mitochondrial DNA (mtDNA), nuclear DNA (nDNA) and morphology.
MATERIAL AND METHODS
The sampling of Apis cerana bees Three types of tests based on the mtDNA, nDNA, and morphology were performed on A. cerana bees. In order to sequence the mtDNA and measure the morphology, the adult honeybee workers of the feral Russian Far East A. cerana were collected in the forests of the Primorsky Krai near the city of Vladivostok in 2018 (N43°13' E132°03'). In order to sequence the nDNA, the adult A. cerana workers were collected from apiaries in South Korea (A. c. koreana subsp. nov. from the Sangju, Gyeo- ngsangbukdo and Sancheong, Gyeongsangnamdo), Japan (A. c. japonica Radoszkowski, 1887 from the Kitahiroshima, Hokkaido) and Taiwan (Taichung, Taiwan) in 2015 ( Fig. 1) .
Extraction of DNA
The DNA was extracted from the thoracic muscle tissue using the Wizard Genomic DNA Purification Kit (PROMEGA, Madison, WI, USA) according to the manufacturer's recommendations. DNA samples were stored at -20°C until further use. Genomic libraries were prepared with the Nextera DNA Library Preparation Kit (ILLUMINA, USA) according to the instructions of the manufacturer. Sequencing was prepared with the NextSeq 500/550 High Output Kit v2 (75 cycles) (ILLUMINA, USA) following the instructions of the kit.
Analysis of mitochondrial DNA
The complete mitochondrial DNA was sequenced with paired-end read runs (2 x 150 bp) using the Illumina Next Seq 500 (ILLUMINA, United States) following the instructions of the reagents at the Department of Life Sciences of Kyoto Sangyo University. A complete mtDNA was obtained as a result of assembling of 1,662,000 reads with average coverage level seventy-five by Geneious R9 (BIOMATTERS, New Zealand) and annotation by MITOS web servers (Germany) (Bernt et al., 2013) and tRNAscan-SE (CA, USA) (Lowe & Eddy, 1997) . The resultant mtDNA consisting of 15,919 bp was uploaded into the DDBJ/GenBank database (AP018450). The phylogenetic analysis was performed using the MEGA7 software (Kumar, Stecher, & Tamura, 2016) based on the nucleotide sequences of complete mtDNA.
Analysis of nuclear DNA
The polymerase chain reaction (PCR) of the Vitellogenin gene (VG) exons (exons 2-7) of A. cerana samples was performed on the Applied Biosystems Veriti HID 96-Well Thermal Cycler, 0.2mL based on the already developed primers (Lee & Choi, 1986; Ruttner, 1988; Tan et al., 2003) which were measured according to methods described by Ruttner (1988) .
Methods of statistics
Pairwise nucleotide sequence divergences were estimated using Unipro UGENE 1.28 (UNIPRO, Russia) and CLC Genomics Workbench 11 (CLCbio, Denmark) on the basis of complete mtDNA sequences with Jukes-Cantor (Jukes & Cantor, 1969) , Tamura-Nei (Tamura & Nei, 1993) and p-distance models (Nei & Kumar, 2000) . Pairwise Euclidean distances between A. cerana populations based on morphology data were calculated using Statistica 8.0. Based on pairwise alignments, amino acid identity (%) was calculated for homologous genes. Phylogenetic trees were constructed using the Reltime method (Tamura et al., 2012) and branch lengths estimated inferred using the Neighbor-Joining method (Saitou & Nei, 1987) based on Jukes-Cantor model with 1000 bootstrap replications (Saitou & Nei, 1987) . The circular physical map of the complete mtDNA of the Russian Far East A. cerana was constructed using CLC Genomics Workbench 11 and Artemis 17.0. 1 (The Sanger Institute, Hinxton, Cambridge, UK). The Student's t-test was used for testing a hypothesis based on a difference between means of morphology data.
RESULTS

Variation in the complete mtDNA
The complete mitochondrial genome sequence of A. cerana from the Russian Far East (15,919 bp in length) contained a total of thirteen protein-coding genes, twenty-two tRNA genes, two rRNA genes (16S rRNA and 12S rRNA) and four non-coding control regions (NC1-NC4). The mtDNA of the Russian Far East A. cerana was slightly shorter than that of A. mellifera mtDNA (16,343 bp) and Drosophila yakuba (16,019 bp). All non-coding intergenic sequences in Korean A. cerana mtDNA (1,252 bp) were slightly shorter than that for D. yakuba (1,262 bp) and A. mellifera (1,639 bp) (Crozier & Crozier, 1993) (Tab. 1). Ilyasov et al., 2018a) . This haplotype with 31insT insertion is new and is named ACNC111 (Fig. 2) . The motif TACTTA in the AT-rich intergenic non-coding regions may correspond to the binding site for the mitochondrial transcription terminator (mtTERM), a transcription attenuation factor (Tan et al., 2001) . The motif TACTTA was presented in the complete mtDNA Russian Far East A. cerana eight times including reverse direction. Across the complete mtDNA sequences of Russian Far East A. cerana, the two most repetitive eight-nucleotide motifs were detected: the AATTAATT motif repeated fortyeight times including reverse direction and the AATAAATT motif seventy-four times including reverse direction. These two repetitive motifs differ from each other by only one transversion T>A in the fourth position. The gene composition and arrangement of the Russian Far East A. cerana were similar to the typical structure of complete mtDNA of some honeybee species of the genus Apis (Crozier & Crozier, 1993; Tan et al., 2011 ). Most of the mtDNA genes (CYTB, COX1, COX2, COX3, ND2, ND3, ND6, ATP6, and ATP8) were located on the light strand except for four subunit genes (ND1, ND4, ND4L, and ND5), two rRNA genes (12S and 16S rRNA) and eight tRNA genes, which were located on the heavy strand. The mtDNA genes overlapped a total of thirty bp in five locations ranging from one to nineteen bp between genes tRNA-GLN and tRNA-ALA (4 bp), ND2 and tRNA-CYS (1 bp), COX1 and tRNA-LEU (UUR) (5 bp), COX2 and tRNA-ASP (1 bp), ATP8 and ATP6 (19 bp). Obviously, the overlapping of mtDNA genes originates from the prokaryotic genome with the polycistronic type of transcription (Tab. 2). Russian Far East Apis cerana ussuriensis All thirteen protein-coding genes (11,058 bp in length) of the Russian Far East A. cerana mitochondrial genome were annotated through comparison with the published sequences of other honeybees. In all, 3698 amino acids were encoded, of which the genes COX3, ATP6, and CYTB were regarded ATG as the start codon, while the gene ND4 started with ATA, the gene ATP8 with ATC and the genes ND3, ND4L, ND5, COX1, ND6, COX2, ND1, ND2 with ATT. All thirteen protein-coding genes were terminated with the TAA stop codon. The twenty-two tRNA genes ranged in size from 60 bp at the tRNA-SER (AGN) to 78 bp at tRNA-PRO. The rRNA genes consist of 2116 bp (12S rRNA of 787 bp and 16S rRNA of 1329 bp). The 12S rRNA is located between tRNA-VAL and the AT-rich region and the 16S rRNA between tRNA-LEU (CUN) , and tRNA-VAL. The two 12S rRNA and 16S rRNA genes share similar structures and functions in organisms ranging from bacteria to mammals, even though the sequences exhibit numerous inter-and intraspecific nucleotide variations. Thus, they provide a reliable method for the taxonomic classification of animals. The complete mtDNA of the Russian Far East A. cerana was visualized on the circular physical map which allows the observing of flanking regions and order of loci (colocalization or synteny) ( Fig. 3 ). Fourteen genes 12S rRNA, 16S rRNA, ND1, ND4, ND4L, ND5, tRNA-ARG, tRNA-CYS, tRNA-HIS, tRNA-LEU (CUN) , tRNA-PHE, tRNA-PRO, tRNA-TYR, and tRNA-VAL are transcribed from the heavy strand, while twenty- three genes ATP6, ATP8, COX1, COX2, COX3, CYTB, ND2, ND3, ND6, tRNA-ALA, tRNA-ASN, tRNA-ASP, tRNA-GLN, tRNA-GLU, tRNA-GLY, tRNA-ILE, tRNA-LEU(UUR), tRNA-LYS, tRNA-MET, tRNA-SER (AGN) , tRNA-SER(UCN), tRNA-THR, and tRNA-TRP are transcribed from the light strand of mtDNA. Three overlap points were found in the light strand between genes ATP8 and ATP6, COX1 and tRNA-LEU (TAA) while COX2 and tRNA-ASP; and one overlap between gene ND2 of light strand and gene tRNA-CYS of the heavy strand. This overlapping of mtDNA genes proves their origin from the prokaryotic genome with the polycistronic type of transcription (Tab. 2).
The average GC-content in the Russian Far East A. cerana mtDNA is 16% while the maximal level is less than 40%. A less than 40% GC-content is considered as low frequency. The GC-content was depicted on the map as a light grey histogram outside of the DNA circle ( Fig. 3) , and the poor regions showed a lower level of genetic diversity and divergence than the rich regions (Kent et al., 2012) . A comparative analysis of the non-coding regions of mtDNA showed that NC1 region of the Russian Far East A. cerana differed from the published in GenBank haplotype ACNC101 (KP064870) in one deletion (31delT), whereas NC2 region of the Russian Far East A. cerana was identical with the published in GenBank haplotype Japan01 (KP064995). The Russian Far East A. cerana population has not been well studied. Only thirteen nucleotide sequences of three mitochondrial genes are presented in GenBank: COX1eleven sequences (Ilyasov et al., 2014) , COX2 -one sequence and The Korean A. cerana samples were subdivided into two groups, which were distantly related to the Russian and Japanese samples, respectively. Such a divergence in complete mtDNA could reflect the migration and geographical isolation of A. cerana during its evolution.
A median network reflecting genetic divergences of the complete mtDNA of A. cerana samples was constructed according to transversions in all protein-coding mtDNA genes in comparison with the Russian Far East A. cerana (Fig. 5 ). All transversions in the complete mtDNA were placed on connection lines between samples in the median network. The length of the lines in the median network depended on the number of transversions. Amino acid replacements were present on the lines as well (Fig. 5 The phylogenetic tree was constructed based on the comparative gene VG analysis of nDNA sequences of all A. cerana samples (Fig. 6) . Similar to the complete mtDNA data, northern (China, Korea, Japan, and Russia) and southeast- 
Russian Far East Apis cerana ussuriensis
A level of genetic divergences based on the gene VG of nDNA of A. cerana samples can be demonstrated by the median network. The median network was constructed based on transversions in the nDNA gene VG in comparison with the Russian Far East A. cerana samples (Fig. 7) . All transversions in the nDNA gene VG were placed on connection lines between samples on the median network. The length of the lines on the median network depended on the number of transversions. Amino acid replacements were presented on the lines of the median network as well (Fig. 7) .
On the median network based on the gene, VG of nDNA A. cerana samples were subdivided according to their geographical position. Two (Fig. 7) . Tab. 7) . The phylogenetic tree was constructed based on the comparative analysis of the morphology data of all A. cerana samples, (Fig. 8) Russian Far East Apis cerana ussuriensis comparison with out-group A. mellifera (Fig. 9) . As far as the morphology possessed the dependence from the environment A. mellifera samples were selected from the Asian habitat in order to perform the greatest match with climatic conditions of A. cerana. The three-dimensional plot in contrast to the two-dimensional, allowed additional features of phylogenetic honeybee relationships to be seen and thus provided more information.
Variation in the morphology
On both PCA plots, the A. mellifera out-group sample was located separately from all A. cerana samples. (Tan et al., 2011; Ilyasov et al., 2018a) .
Non-coding regions in mtDNA of the Russian Far East A. cerana
A phylogenetic analysis based on non-coding region NC1 found ten haplotypes of A. cerana (ACNC101, ACNC102, ACNC103, ACNC104, ACNC105, ACNC106, ACNC107, ACNC108, ACNC109) subdivided into Group A and Group B . Ilyasov et al. (2018a) found one more new haplotype ACNC110 in A. c. koreana.
In the current study, we found new haplotype ACNC111 of Russian Far East A. cerana, which was very similar to A. c. koreana but differed from it by one insertion 31insT, with number of position relatively the sequence KP064870. The comparative analysis of non-coding region NC1 showed that Russian Far East A. cerana belongs to the Mainland Asian group, which differed from the populations of A. c. koreana (Korea) and A. c. japonica (Japan). Such a difference is presumed to be the result of natural selection and the adaptive evolution of A. cerana in northern Asian environment. A phylogenetic analysis based on non-coding region NC2 identified six haplotypes of A. cerana (Japan1, Nepal1, ThaiS1, BurmaN1, BurmaN2, and BurmaN3) belonging to two A. cerana lineages: Mainland Asian and Sundaland (Smith, 2011) . We found that Russian Far East A. cerana belongs to the Japan1 haplotype. A predominance of Japan1 haplotype in the non-coding region NC2 throughout Asia suggests a common origin of the whole A. cerana population and distribution across all of Asia.
Phylogenetic pattern of Apis cerana populations
All trees based on the three tests are characterized by a similarity of clustering into the two big groups of southeastern and northern Asia. In the study of mtDNA The Japanese A. c. japonica population differed more from the Korean A. c. koreana population (genetic distance 0.006 and divergence 1.33%) than from the Chinese A. c. cerana population (genetic distance 0.005 and divergence 2.85%) In the study of nDNA, it differs equally from the Chinese A. c. cerana and Korean A. c. koreana populations (genetic distance 0.007 and divergence 0.75%). In the study of morphology, it differs more from the Chinese A. c. cerana population (Euclidian distance 3.930, divergence 2.21%) than from the Korean A. c. koreana populations (Euclidian distance 2.950, divergence 1.92%).
The ranges of inter-and intraspecific genetic distance and genetic divergence in different insect taxa were calculated by Tan et al. (2011 ), Han et al. (2016 and Eimanifar et al. (2017) . We assumed that the level of genetic divergence between individuals within the insect subspecies varied from 0.00% to 0.80% and the genetic distance from 0.000 to 0.005. The level of genetic divergence between subspecies within insect species varied from 0.80% to 8.00%, and the genetic distance varied from 0.005 to 0. 100. The level of genetic divergence between species within the genera varied from 8.00% to 17.00%, and the genetic distance from 0. 100 to 0.200. Thus, the genetic divergence range of 0.80% -8.00% and genetic distance of 0.005 -0. 100 matched the range of intraspecific levels of differences in insects (Tan et al., 2011; Han et al., 2016; Eimanifar et al., 2017) . The percent of divergence and genetic distance among the Russian Far East, Korean, Japanese and Chinese A. cerana populations matched the intraspecific-level range of differences in other insects. Based on differences in the complete mtDNA analysis we suggested that the Russian Far East, Korean, Japanese and Chinese honeybee samples could be representatives of the distinct subspecies of A. cerana. Two samples of Chinese A. c. cerana and two samples of Korean A. c. koreana greatly differ from each other with a divergence of 1.5% and 1.2% and Jukes-Cantor genetic distances 0.002 and 0.003, respectively. We assumed it to the result of introgressive hybridization with other introduced A. cerana subspecies from neighboring countries. As well, two ecotypes of subspecies could be in different parts of the countries, geographically and anthropogenically isolated from each other for a relatively long time. We suppose that different climatic zones in China are inhabited by different A. cerana subspecies Tan, Warrit, & Smith, 2007; Lee et al., 2016) . The mtDNA appears to evolve at a similar rate in a wide array of insects, about 2.3% per one million years (Myr). Since the molecular clock idea had been available, the provisional dating of evolutionary events was possible (De Salle et al., 1987; Johns & Avis, 1998 , this subspecies should be included in the international biodiversity conservation program.
